† Background and Aims The distinction between pearl bodies (or pearl glands) and food bodies (FBs) is not clear; neither is our understanding of what these structures really represent. The present work examined the ontogenesis, structure, ultrastructure and histochemical aspects of the protuberances in Cissus verticillata, which have been described since the beginning of the 19th century as pearl glands or pearl bodies, in order to establish a relationship between their structure and function. † Methods Segments of stems and leaves in different stages of development were collected and fixed for study under light microscopy as well as electron transmission and scanning microscopy. Samples of FBs were subjected to chemical analysis using thin-layer chromatography. † Key Results The FBs in C. verticillata are globose and attached to the plant by a short peduncle. These structures are present along the entire stem during primary growth, and on the inflorescence axis and the abaxial face of the leaves. The FBs were observed to be of mixed origin, with the participation of both the epidermis and the underlying parenchymatic cells. The epidermis is uniseriate with a thin cuticle, and the cells have dense cytoplasm and a large nucleus. The internal parenchymatic cells have thin walls; in the young structures these cells have dense cytoplasm with a predominance of mitochondria and plastids. In the mature FBs, the parenchymatic cells accumulate oils and soluble sugars; dictyosomes and rough endoplasmic reticulum predominate in the cytoplasm; the vacuoles are ample. Removal of the FBs appears to stimulate the formation of new ones, at the same place. † Conclusions The vegetative vigour of the plant seems to influence the number of FBs produced, with more vigorous branches having greater densities of FBs. The results allow the conclusion that the structures traditionally designated pearl glands or pearl bodies in C. verticillata constitute FBs that can recruit large numbers of ants.
INTRODUCTION
Cells or tissues that offer rewards to beneficial arthropods are widely distributed among plants and constitute an important route for establishing symbiotic relationships with this group of animals. Classic examples of these structures are extrafloral nectaries (Oliveira and Freitas, 2004; Paiva and Machado, 2006; Paiva et al., 2007) and food bodies (FBs; O'Dowd, 1982) . FBs differ from nectaries by being consumed integrally, and not their secretion products; FBs can be consumed in situ or transported back to the colonies, noticeably for social insects (see Rickson, 1979 Rickson, , 1980 O'Dowd, 1980; Rickson and Risch, 1984; Buono et al., 2008) .
Plant structures that constitute food rewards serve to mediate symbiotic interactions between plants and ants, known as myrmecophily. Myrmecophytes are defined as plants which, during major parts of their life, are continuously inhabited by ants and can offer food for them. Myrmecophyles are, in turn, plants that offer food to ants, but not lodging (see Webber et al., 2007b) .
According to Rickson and Risch (1984) , pearl bodies, also called pearl glands, are generally randomly distributed on plants and do not have defined functions; they are formed of highly vacuolated cells, and are limited to the epidermis of the plants; most FBs are derived from subjacent layers as well as from the epidermis. The literature, however, shows that the distinction between pearl bodies (or pearl glands) and FBs is not at all clear, nor is the concept of either of these structures.
Ultrastructural and cytochemical studies of pearl glands or pearl bodies are rare, making it difficult to attribute functions to these structures. Silva and Machado (1999a, b) identified polysaccharides, lipids and proteins in the pearl glands of Piper regnellii and suggested that these structures, which are present on developing leaves, are involved in protecting the plants against herbivory, although they were not named as FBs by these authors.
It is possible that many of the structures described as pearl glands or pearl bodies act as FBs, indicating once again the great diversity of terms used to designate the latter structures. FBs present on some plant species have taken on specific names, such as 'Müllerian bodies' on Cecropia spp. (Cecropiaceae) (Rickson, 1976) and 'Beltian bodies' on Acacia cornigera (Fabaceae) (Rickson, 1969 (Rickson, , 1975 . These structures are characterized by the accumulation of nutritive reserves, such as proteins, lipids and carbohydrates (Rickson, 1975 (Rickson, , 1976 (Rickson, , 1979 O'Dowd, 1980; Risch and Rickson, 1981 ).
* For correspondence. E-mail epaiva@icb.ufmg.br Pearl bodies or pearl glands are widely distributed among dicotyledons, having been reported in approx. 20 families (O'Dowd, 1982 , and recently added to). Solereder (1908) described secretory trichomes and pearl glands in Vitaceae, and their distribution may have significant taxonomic value. According to Solereder (1908) , pearl glands occur in the genus Cissus, among others. Pearl bodies are large, usually spherical, and have a short pedicel; their epidermis is uniseriate and there is sometimes a single stoma on the apical pole. These structures demonstrate an accumulation of reserves and may, according to Solereder (1908) , have importance as FBs.
In the neotropics, the family Vitaceae is represented by four genera, with Cissus showing approx. 80 species (Lombardi, 2007) . In his delimitation of the species of Cissus, Lombardi (2000 Lombardi ( , 2007 attributed significant value to the morphology of their fruits and seeds, and to the localization and types of trichomes. Among trichomes, the glandular ones are only observed in the genus Cissus.
Although they have been known since the early reports of Solereder (1908) , little is actually understood about the structure and function of pearl glands in Vitaceae. Information on distribution, structure, functions and the ultrastructural aspects of these structures in the genus Cissus are non-existent. As such, the present work describes the structural organization and ultrastructure and, above all, unites histochemical and in situ observations that allow determination of the possible role of pearl glands ( pearl bodies) as FBs in Cissus verticillata. In addition to in situ observations of the C. verticillata plants to investigate the distribution of FBs and the behaviour of insect visitors, observations were made on ten branches of 0 . 5 m each, obtained from the apical portion. These branches were maintained in Hoagland's plant nutrient solution (Hoagland and Arnon, 1950) for 10 d in a growth chamber to determine the time necessary to form these structures as well as their life span on the plants. The branches were exposed to white light (12 : 12 h light/dark, 30 mmol m 22 s
MATERIALS AND METHODS

Collection
21
). Ants observed in the act of carrying the FBs during the experimental period were collected, fixed, and stored in 70 % ethyl alcohol for later identification.
Light microscopy
Segments of stems and leaves in different phases of development were examined using light microscopy in order to characterize the ontogenesis and anatomical structure of the FBs. This material was sampled from five adult specimens and fixed in Karnovsky's solution (Karnovsky, 1965) for 24 h, dehydrated in an ethanol series (Johansen, 1940 ) and submitted to pre-infiltration and infiltration with 2-hydroxyethyl methacrylate (Leica historesin, Heidelberg, Germany) according to the usual methods; transversal and longitudinal sections (5 mm) were made in a rotary microtome, mounted on slides and stained with 0 . 05 % toluidine blue pH 4 . 7 (O'Brien et al., 1964) .
Histochemical characterization
Fixed materials were used for histochemical tests, except for sugars that are better detected in fresh samples. The following tests and their respective controls were employed: Sudan red B for lipids in general (Johansen, 1940) ; an aqueous solution of 10 % ferric chloride for phenolic compounds (Johansen, 1940) ; Lugol for the identification of starch (Johansen, 1940) ; Fehling reagent for reducing sugars (Sass, 1951) ; an aqueous solution of 0 . 02 % ruthenium red to stain pectic compounds (Jensen, 1962) ; and mercuric bromophenol blue solution to detect proteins (Mazia et al., 1953) .
Transmission electron microscopy
Samples were fixed in a Karnovsky solution (Karnovsky, 1965) for 24 h, post-fixed in osmium tetroxide (1 %, in 0 . 1 M phosphate buffer, pH 7 . 2), and processed using standard techniques (Roland, 1978) . Ultra-thin sections were contrasted using uranyl acetate and lead citrate, and examined under a Philips CM 100 transmission electron microscope at 60 kV.
Scanning electron microscopy
Samples were fixed in 2 . 5 % glutaraldehyde (0 . 1 M phosphate buffer, pH 7 . 2), dehydrated in an ethanol series, subjected to critical-point drying, and coated with 10 nm of gold (Robards, 1978) . Preparations were examined using a Quanta 200 (Fei Company, Hillsboro, OR, USA) scanning electron microscope, and all images were processed digitally.
Chemical characterization of sugars
In order to detect the presence of sugars, FBs were removed with a needle, obtaining 0 . 1 mg of fresh, well-developed and supposedly mature structures. These FBs were macerated and the extract was analysed by thin-layer chromatography (TLC; Dafni, 1992) , applying the samples to 10 Â 10 cm silica plates made with 0 . 02 % sodium acetate. Reference solutions of fructose, glucose and sucrose, as well as deionized water (control) were also applied to these same plates. The plates were then run with a mobile phase of chloroform:methanol (6 : 4, v/v). After running, the plates were dried at room temperature, sprayed with a solution of orcinol -sulfuric and heated to 120 8C for 5 min to visualize the presence of sugars (Stahl, 1988) .
RESULTS
Distribution, availability and structural aspects
The FBs encountered on C. verticillata were globose, translucent and had short peduncles (Fig. 1B, C, F) . These structures were observed on the stem axis, being restricted to the primary growth stage, including the inflorescence axis. They are seen too on the abaxial face of the leaves, especially on the stipules and the leaf blade.
FBs were observed predominantly in the nodal region of the stem (Fig. 2B) . FB density seems to be related to the vigour of the branch, as greater densities of these structures were observed on more vigorous branches.
FBs on branches maintained in a growth chamber were completely developed in approx. 48 h and, in the absence of ants, they could remain on the plant for .5 d; after this time, the residual FBs entered into senescence, wilting progressively until they were completely dehydrated and became whitened and opaque.
FBs form in specific localities, often in slightly depressed regions ( Fig. 2A) , and it was observed that when an FB was removed another would usually form in the same region.
It was observed that in the initial stages of ontogenesis an isolated cell on the epidermis shows greater cytoplasmic volume and density (Fig. 1A) and would give rise, through anticlinal divisions, to the epidermal layer of the FB. Predominantly periclinal divisions could then be observed in the sub-jacent parenchymatic tissue, giving origin to the internal tissues of the FB (Fig. 1A -C) . In some cases it was observed that the precursor epidermal cell acts as a mother cell to stomatal guard cells; in these cases, one stoma develops at the apical region of the FB (Fig. 2D) . It must be noted that the presence of stomata on FBs is not a general rule, and may actually represent relatively rare events.
The epidermal cells of differentiated FBs are covered with a thin, and smooth cuticle adhering to the cell wall, with no subcuticular spaces or cuticle ruptures being observed . The epidermis was uniseriate, and composed of vacuolated cells (Fig. 1D) .
Chemical characterization
Histochemical tests did not indicate the accumulation of reserve materials in the epidermal cells of FBs. In their most advanced phases of development these cells demonstrated the presence of acidic polysaccharides in the central vacuole, and their deposition would often result in the formation of parallel plates on their surface (Fig. 1D) . The internal parenchymatic cells were observed to accumulate oils and reducing sugars. Although histochemical tests were performed on FBs during different stages of their development, no phenolic substances, starch or reserve proteins were detected.
The TLC analyses indicated the presence of sugars among the cell contents of the FBs. Bands were identified with R f s corresponding to sucrose (0 . 46) and glucose and/or fructose (0 . 55).
Ultrastructural aspects
The internal parenchymatic cells in young FBs show dense cytoplasm, and their nucleus was frequently lobed and had thin projections, while the nucleolus was prominent (Fig. 3A, C-E) . The vacuoles were poorly developed, and were mostly small. A large population of mitochondria was seen in the perinuclear region, especially near the nuclear projections; these mitochondria were globose and demonstrated variable numbers of cristae as well as variable stroma density (Fig. 3E) . The plastids varied in shape from globose to slightly elongated, with dense stroma, poorly developed internal membranes, and osmiophilic inclusions (Fig. 3F, G) . The dictyosomes were abundant and randomly distributed, showing few signs of activity in this phase, and they produced only small numbers of vesicles (Fig. 3C, G) . Abundant and widely distributed symplastic connections as plasmodesmata were observed in both the epidermal and internal cells (Fig. 3G) . The internal cells of the mature FBs had thin pectocellulosic walls; the vacuoles were well developed, making the ground cytoplasm more rarefied (Figs 1D and 4A) . In these cells droplets of accumulated oils could be seen. No secretions to the extracellular or external environment were observed, nor evidence of rupture or leaking of the FBs' contents. Expressive activity of the dictyosomes was observed at this phase of development, and several vesicles could be seen (Fig. 4B, C) on both epidermic and central cells. It was observed that the mitochondrial population was smaller than in previous developmental stages, and the periplasmic space was now more ample (Fig. 4B, D) .
The epidermic cells were very similar to the internal ones in all developmental stages studied, differing only in terms of the appearance of the nucleus, which tended to be globose, by the lesser numbers of mitochondria and the absence of reserve compounds ( Figs 3B and 4A, B) .
Insect visitors
The most frequent insect visitors were the ants Camponotus rengerri, Camponotus sp., Crematogaster sp. and Pachychondyla sp., which were observed carrying intact FBs (Fig 1E, F) , apparently taking them back to their colonies. All of the ants that were observed demonstrated a patrolling type of behaviour, with constant stops in the regions of greatest FB density, although only one species would patrol any given branch. Apparently FBs are preferentially removed when they attain their final size, and consequently their maximum levels of food reserves.
DISCUSSION
Nomenclatural considerations and functional aspects
The similarity between FBs and pearl glands or pearl bodies was pointed out by O'Dowd (1982) , and this author considered many previous descriptions of 'ant-food bodies' as being consistent with the description of pearl glands. The structures previously described as pearl glands in Cissus verticillata (see Solereder, 1908; Metcalfe and Chalk, 1979) act as FBs, being capable of recruiting ants by offering them sugar and oil rewards. This observation reinforces the observation that many structures described as pearl bodies constitute rewards in the form of food resources and allow C. verticillata to be considered myrmecophilous.
The occurrence of FBs on young plant organs, as we observed in C. verticillata, is similar to that described in other systems involved in ant -plant interactions, and they constitute a defence mechanism of the plant, much in the same manner as extrafloral nectaries (Paiva and Machado, 2006) or other FBs (Solano et al., 2005; Buono et al., 2008) . The preferential occurrence of these defensive structures on young organs indicates the investment of metabolic energy in protective mechanisms during their phase of greatest susceptibility to herbivores, i.e. when other mechanical and chemical defences are not yet fully developed (Buono et al., 2008) . In Urera baccifera, FBs act as attractants for ants (Dutra et al., 2006) , and contribute to reduce infestation by herbivores. The positive correlation observed in C. verticillata between plant vigour and the number of FBs indicates that the allocation of these defensive resources is dependent on the nutritional status of the plant. According to Heil et al. (2002) , in Macaranga triloba, a myrmecophyte, the production of FBs is regulated directly by nutrient supply. Dale (1901) observed that the production of pearl bodies in Hibiscus vitifolius (Malvaceae) is dependent on high light levels, and therefore the availability of photosynthates, which corroborates what is known about the production of FBs in C. verticillata.
Food body distribution and structural aspects
The presence of stomata in the apical region of some pearl glands (here denominated FBs) in species of Cissus was Detail of the nuclear region of an internal cell, demonstrating a lobed nucleus; in (E) observe the presence of mitochondria between the lobes formed by the nuclear membrane. (F, G) Cytoplasm of an internal cell; note the presence of plastids and mitochondria. Note the electron-dense stroma of the plastids and their poorly developed membrane systems. Note in (G) the plasmodesmata (arrows) uniting adjacent cells, and the smooth endoplasmic reticulum near the plasma membrane. Abbreviations: ct, cuticle; cw, cell wall; di, dictyosomes; mi, mitochondria; nu, nucleus; pl, plastids.
reported as a marked characteristic of these structures (Solereder, 1908) . Similar reports were published by Solano et al. (2005) for FBs in Cordia nodosa (Boraginaceae). The present observations indicate that the presence of apical stomata is not a constant, but results only from the casual localization of FB initials and guard cell initials. Observations of similar occurrences in other species (E. A. S. Paiva, unpubl. res.; Webber et al., 2007a; Buono et al., 2008) corroborate this hypothesis. According to O'Dowd (1982) , in spite of the reported occurrences of stomata on the pearl bodies of different species, their real role is not yet known. Many FBs do not have stomata in C. verticillata, which would seem to indicate that stomata are not essential to the development and functioning of these structures.
As in Hovenia dulcis (Buono et al., 2008) , the lack of FBs on the adaxial face of leaves in C. verticillata prevents them from excessive exposure to solar radiation and heat, thus avoiding premature desiccation and a reduction in the life span of these structures. The presence of pectin-like compounds in the protoplast of the epidermal cells of mature glands can suggest a role in water retention due to the hygroscopic nature of these compounds.
The distribution of FBs in C. verticillata does not seem to follow any fixed pattern. Data available from studies of extrafloral nectaries (Paiva and Machado, 2006) and FBs (Solano et al., 2005) suggest that an irregular distribution of glandular structures involved in insect-plant interactions confers greater efficiency in protecting against herbivores. According to Solano et al. (2005) , a random distribution of FBs is more efficient in protecting against herbivores than their arrangement in specific sites.
In spite of their large cell volumes and the apparent fragility of their primary cell walls, the FBs of C. verticillata demonstrate notable resilience. However, the insertion region of the short peduncle of the FBs was found to be quite fragile, facilitating their removal by ants. Observations of ants carrying intact FBs indicate that these are not consumed immediately and, since many Hymenoptera feed their larvae with energy-rich foods, it is presumed that the FBs were taken to the colonies for the larvae.
Characterization of the reserve compounds
Plant cells that serve as food rewards for insects usually contain reserves composed of lipids, carbohydrates or proteins (O'Dowd, 1980) . FBs with mixed reserves composed of oils and sugars (as observed in C. verticillata) have been reported for other Vitaceae, such as Cissus sulcicaulis and C. decidua (Lombardi, 2007) , Leea aequata (Ridsdale, 1974) and Parthenocissus tricuspidata (Heil et al., 1998) . Solano et al. (2005) reported the occurrence of exogenous secretions in the FBs of C. nodosa, similar to those seen in extrafloral nectaries, although these authors did not qualify this substance as nectar. The low-molecular soluble compounds, such as sugars, have been reported to act as ant attractants and are offered by nonmyrmecophytic plants to generalist ants (Heil et al., 1998) . According to Heil et al. (1998) and Heil and McKey (2003) , FBs seem to be specifically adapted to their respective role in ant attraction and nutrition, with myrmecophytes providing ants with large amounts of lipids and proteins, and nonmyrmecophytes mainly offering carbohydrates in the form of common soluble sugars. As C. verticillata is a nonmyrmecophyte, the present results are in agreement with statements proposed by these authors.
Ultrastructural aspects Rickson and Risch (1984) observed that the nuclei in the FB cells (ant food cells) of Piper cenocladum have highly convoluted and irregular forms, which these authors attributed to their elevated metabolic activity. An intense metabolism of FB cells of C. verticillata could also be inferred from the large number of mitochondria observed, this being a distinctive characteristic of tissues involved in synthetic processes (Lüttge, 1971) , like FBs or pearl bodies (Rickson, 1980; Silva and Machado, 1999b) .
The vesicles that arise from dictyosomes can be indicative of synthesis of polysaccharides, and their fusion suggests the formation of storage vacuoles as described by Silva and Machado (1999b) for pearl glands of P. regnellii (Piperaceae). Some of these vesicles are seen fused with the plasmatic membrane, which suggests the release of the content to the apoplast.
The ultrastructural characteristics of the plastids present in the FBs of C. verticillata are similar to those described for plastids involved in the biosynthesis of lipids, indicating that these organelles are probably the synthetic sites of these oils.
The reduction of the number of mitochondria in mature FBs was also reported by Rickson (1980) . This reduction, as well as reductions in the population densities of most organelles, indicates the transition from an active phase of synthesis to an accumulation phase, which is characterized by a lower metabolic rate. This process was observed in other similar structures (Rickson, 1980) . The term pearl gland is rather vague, and is based only on superficially morphological aspects. In the majority of the cases there have been no demonstrations of the production of secretion, either endogenous or exogenous, that might characterize it as a 'gland'. In the same sense, the term pearl body is vague and does nothing to establish any ecological role for the structure. During the present study there was no indication of any movement of metabolic products to the external surface of the plant, but only the accumulation of reserve metabolites inside the supposed gland, which constitute a common characteristic of FBs. As such, we suggest that the term pearl gland be substituted by 'food body' in C. verticillata, based on both morphological and functional aspects of this structure.
